Objective-Scavenger receptors play crucial roles in the pathogenesis of atherosclerosis, but their role in insulin resistance has not been explored. We hypothesized that scavenger receptors are present in human adipose tissue resident macrophages, and their gene expression is regulated by adiponectin and thaizolidinediones. Methods and Results-The gene expression of scavenger receptors including scavenger receptor-A (SRA), CD36, and lectin-like oxidized LDL receptor-1 (LOX-1) were studied in subcutaneous adipose tissue of nondiabetic subjects and in vitro. Adipose tissue SRA expression was independently associated with insulin resistance. Pioglitazone downregulated SRA gene expression in adipose tissue of subjects with impaired glucose tolerance and decreased LOX-1 mRNA in vitro. Macrophage LOX-1 expression was decreased when macrophages were cocultured with adipocytes or when exposed to adipocyte conditioned medium. Adding adiponectin neutralizing antibody resulted in a 2-fold increase in LOX-1 gene expression demonstrating that adiponectin regulates LOX-1 expression.
O besity, insulin resistance and other associated comorbidities, including atherosclerosis, are characterized by chronic inflammation. 1 Insulin resistance and atherosclerosis are both associated with elevated levels of proinflammatory cytokines, and insulin resistance is a powerful and prevalent predictor of atherosclerosis and cardiovascular events. Activation and migration of macrophages into the arterial wall and adipose tissue play an important role in the pathogenesis of both atherosclerosis and insulin resistance, respectively. Oxidized LDL (oxLDL) is now thought to be a more potent mediator of atherogenesis than native LDL. 2 OxLDL is internalized by a group of scavenger receptors (SRs) leading to macrophage activation, foam-cell formation, and secretion of growth factors and proinflammatory cytokines. 3 Although increased infiltration of macrophages in adipose tissue has been proposed as a source of proinflammatory cytokines and potentially a common denominator linking obesity to insulin resistance, 4 the role of scavenger receptors in pathogenesis of insulin resistance has not yet been studied.
Scavenger receptors are a group of transmembrane proteins involved in cellular functions, such as adhesion, and elimination of apoptotic cells and modified lipoproteins, such as oxLDL.
Scavenger receptor A, (SRA, class A), CD36 (class B), and lectin-like oxidized LDL receptor-1 (LOX-1, class E) are responsible for approximately 90% of the uptake of oxLDL. 3, 5 In murine models, deletion of scavenger receptors such as LOX-1, 6 SRA, 7 or CD36 8 decreased formation of atherosclerotic lesions in an apolipoprotein E-null or LDLR-null background. Despite mounting evidence supporting the role of scavenger receptors in atherogenesis, their role in adipose tissue in relation to obesity and insulin resistance remains unknown. We hypothesized that scavenger receptors are present in adipose tissue resident macrophages and play an important role in obesity induced insulin resistance in humans. In this study, we quantified SRA, LOX-1, and CD36 gene expression in subcutaneous adipose tissue of nondiabetic subjects in relation to obesity and insulin resistance, as well as in response to insulin sensitizers. We also studied the effect of macrophage-adipocyte interaction on the expression of scavenger receptor genes in vitro and in response to pioglitazone.
Research Design and Methods

Human Subjects
Nondiabetic healthy subjects with no known history of coronary artery disease were recruited to the General Clinical Research Center (GCRC) by local advertisement. Subjects provided written informed consent approved by the local Institutional Review Board. Subjects were included if the fasting glucose and the 2-hour postchallenge glucose levels were under 126 mg/dL and 200 mg/dL, respectively, determined by an initial 75-g oral glucose tolerance test (OGTT). Based on the OGTT, subjects were defined as either normal glucose tolerant (NGT, 2-hour glucose Ͻ140 mg/dL), or impaired glucose tolerant (IGT, 2-hour glucose 140 to 199 mg/dL). A total of 86 subjects between age 21 and 66 years old were recruited (14 men, 72 whites, 13 blacks, and 1 Hispanics). Subjects were not taking any antiinflammatory medications, angiotensin converting enzyme-inhibitors, or angiotensin II receptor blockers during the study. Subjects had a wide range of BMI (19 to 40 kg/m 2 ) and insulin sensitivity (S I ϭ0.6 to 13.6ϫ10 Ϫ4 min Ϫ1 /U/mL). Total body fat percentage was determined by dual X-ray absorbsiometry. All subjects underwent an incisional subcutaneous adipose tissue biopsy from the lower abdominal wall. IGT subjects (nϭ38) were randomized to receive either metformin or pioglitazone. Each drug was administered in a 2-week dose escalation followed by 8 weeks at a maximum dose (1000 mg of metformin twice a day, or 45 mg of pioglitazone daily). After 10 weeks of treatment, the glucose tolerance tests, insulin sensitivity measurements, and biopsy were repeated. The mean BMI of the IGT subjects was 33Ϯ0.5 kg/m 2 and mean age was 47Ϯ1 years. There was no significant difference in the baseline characteristics between the 2 drug treatment groups.
Insulin Sensitivity and Adiponectin Measurement
Insulin sensitivity was measured by an insulin-modified intravenous glucose tolerance test (FSIGT) using 11.4 g/m 2 of glucose and 0.04 U/kg of insulin, as described elsewhere. 9 Insulin was measured using an immunochemiluminescent assay (MLT Assay) in the GCRC Core Laboratory. This assay has sensitivity of 0.25 mU/L for insulin, with 1% cross reactivity with proinsulin and 4% to 8% coefficient of variation. Plasma glucose was measured in duplicate by a glucose oxidase assay. Insulin sensitivity was calculated from the insulin and glucose data using the MinMod Millennium program. 10, 11 Plasma adiponectin was measured using ELISA method (Linco Research Inc) following the manufacturer's instruction.
Separation of Adipocytes and Stromal Vascular Fraction (SVF) From Whole Adipose Tissue
Adipocyte and SVF were isolated from adipose tissue obtained by biopsy. Briefly, the adipose tissue was digested with an equal volume of collagenase type I (Sigma) containing 1% BSA, for 30 minutes at 37°C in a shaking water bath. After complete digestion, the adipocytes were separated from the SVF by centrifugation at 300g for 5 minutes. The floating adipocytes were transferred to a fresh tube, and the remaining medium was aspirated. RNA lysis buffer was added to the pellet containing the SVF and also to the transferred adipocyte fraction and RNA was isolated using the Lipid RNeasy kit (Qiagen) according the manufacturers instructions.
Cell Culture Studies
Human Adipocytes From Stem Cells
Cultured human adipocytes were obtained by the induction of differentiation of adult derived human adipocyte stem cells (ADHASCs) isolated from discarded adipose tissue from normal women undergoing liposuction, based on the method as described previously. 4 Briefly, the adipose tissue obtained from liposuction was minced and washed twice with Krebs-Ringer-Bicarbonate solution to wash out any contaminating blood. The preadipocytes were separated from the floating adipocytes by collagenase digestion as described above.
The isolated preadipocytes were maintained in preadipocyte medium (DMEM:HamsF10 vol/vol 1:1 (Invitrogen), 10% FBS, 15 mmol/L HEPES pH 7.4 (Sigma), 1% pencillin/streptomycin (Invitrogen). For experiments, preadipocytes were plated on polyester membrane inserts with 0.4-m pore size and pore density 4ϫ10 6 per cm 2 , for 6-well culture dishes (Corning) and grown to confluence. Differentiation was induced 2 days postconfluence using differentiation medium (DMEM:Ham's F-10 vol/vol 1:1 (Invitro-gen), 3% FBS, 15 mmol/L Hepes pH 7.4 (Invitrogen), Biotin 33 mol/L (Sigma), pantothenate 17 mol/L (Sigma), dexamethazone 1 mol/L (Sigma), IBMX 0.25 mmol/L (Sigma), Insulin 1ϫ10 Ϫ7 mol/L (Novo Nordisk) and rosiglitazone-1 mol/L (Smith-Kline Beecham) for 3 days. After this, the cells were transferred to adipocyte medium that was similar in composition to the differentiation medium but without IBMX and rosiglitazone. The cells were maintained in adipocyte medium for 10 to 14 days until they were at least up to 60% differentiated. Differentiation to adipocytes was assessed by Oil Red O staining and expression of the adipocytespecific mRNA aP2. The adipocytes at this stage cocultured with macrophages as described later.
THP-1 Macrophages
THP-1 cells, a human myelomonocytic cell line (ATCC, Manassas, VA), were maintained in RPMI medium (Invitrogen) with 10% FBS and 1% penicillin/ streptomycin (Invitrogen). To differentiate to macrophages, the THP-1 monocytes were plated at 14ϫ10 6 cells per 100-mm culture dish, in serum-free medium with 1% penicillin/ streptomycin and 250 nmol/L phorbol ester 12-O-tetradecanoylphorbol-13-acetate (TPA) for 3 days, after which they were used in coculture with adipocytes as described below.
ADHASC-THP-1 Macrophage Coculture Experiments
ADHASC were grown on polyester membrane inserts with 0.4-m pore size and pore density 4ϫ10 6 per cm 2 , for 6-well culture dishes (Corning, Sigma) and differentiated as described above. THP-1 cells were differentiated to macrophages as described above. The THP-1 macrophages were then scraped, counted using trypan blue, and seeded in the wells of the 6-well companion plate, corresponding to the adipocytes on inserts, at 30% of the confluent adipocyte numbers. The coculture was set up when ADHASC were at least 60% differentiated. The differentiated adipocytes and THP-1 macrophages were separated by 0.9 mm (membrane to bottom of well) in the same well but free to exchange medium. The differentiated adipocytes and THP-1 macrophages were cocultured for 48 hours, in alpha MEM medium (Invitrogen) containing 5 mmol/L glutamine (Invitrogen), 1ϫ pencillin streptomycin, and 2% FBS along with individual control of adipocytes and macrophages cultured alone. Coculture experiments were performed in duplicate and the experiment repeated twice. After culture or coculture, the cells from the inserts and wells were collected separately with RNA lysis buffer.
For experiments examining the effect of the pioglitazone, the cultures or cocultures were exposed to 1.5 mol/L pioglitazone, or as a control to DMSO, for 48 hours after which the adipocytes and macrophages were independently collected with RNA lysis buffer.
For the experiments examining the effects of conditioned medium (CM), THP-1 macrophages were treated with adipocyte CM or as a control, fibroblast CM, mixed with alpha MEM medium in a ratio of 1:1 for 48 hours. The cells were then harvested with RNA lysis buffer. Adipocyte CM was obtained by collecting medium from differentiated adipocytes maintained in alpha MEM medium containing 5 mmol/L glutamine, 1ϫ pencillin streptomycin, and 2% FBS for a period of 48 hours. MRC-5 cells, a human fibroblast cell line, was grown in Dulbecco Modified Eagle Medium (DMEM), 1g/L glucose (Mediatech) containing 10% FBS and 1ϫ pencillin streptomycin. Cells were then switched to alpha MEM containing 5 mmol/L glutamine, 1ϫ pencillin streptomycin, and 2% FBS for 48 hours at which time fibroblast CM was collected.
For adiponectin neutralizing experiments, THP-1 macrophages were treated with adipocyte CM and alpha MEM medium in a ratio 1:1, in the presence of 100 ng of goat antihuman adiponectin antibody (R&D Systems). Goat IgG at 100 ng was used as a control. Macrophages were then incubated for 48 hous after which the cells were harvested with RNA lysis buffer.
Total RNA Isolation and Real-Time RT-PCR
Total RNA from adipose tissue were isolated using an RNAeasy Lipid Tissue Mini kit (Qiagen) and from cultured adipocytes and THP-1 macrophages using the RNAqueous kit (Ambion Inc), per the manufacturer's instruction. The quantity and quality of the isolated RNA was determined by Agilent 2100 Bioanalyzer. Real-time RT-PCR was conducted as described previously. 4 All data were expressed in relation to 18S RNA, where the standard curves were generated using pooled RNA from the samples assayed. Therefore, the data represent arbitrary units which accurately compare each set of samples to each other, but do not necessarily accurately compare samples between different assays. The primers for 18S and CD68 were as published before. 4 The primer sequences for LOX-1, CD 36, and SRA were as follows: LOX-1 forward CTCCTT-TGATGCCCCACTTA and reverse TTTCCGCATAAACAGCTCCT; CD36 forward AGATGCAGCCTCATTTCCAC and reverse CGTCG-GATTCAAATACAGCA; SRA forward GCAGTTCTCATCCCTCT-CAT and reverse TCTTCGTTTCCCACTTCAGG.
Western Blotting
THP-1 macrophages were treated with adipocyte CM or as a control, fibroblast CM, mixed with alpha MEM medium in a ratio of 1:1 for 48 hours. After treatment, the THP-1 cells were washed with PBS and stimulated with 0 or 10 nmol/L insulin (Novolin, NovoNordisk) for 20 minutes at 37°C and then harvested using M-Per Mammalian protein extraction reagent (Pierce) containing protease inhibitor cocktail mix (1:100) and phosphatase inhibitor cocktail 1 and 2 (1:100) (Sigma). Fifteen g protein was electrophoresed in 4 to 15% SDS polyacrylamide gels (Biorad) and transferred onto nitrocellulose membrane at 100 V for 1 hour at 4°C. Membranes were blocked for 30 minutes using Casein Blocker (Pierce) and immunobloted with antibodie for LOX-1 (JTX-92), 12 IB␣, and phosphorylated Akt (Ser 473; Cell Signaling) overnight at 4°C with gentle rocking. Immunoblotting with a ␤-actin antibody (Santa Cruz) for 30 minutes at room temperature was used as the control. After washing, the blots were incubated for 1 hour at room temperature with antimouse secondary Ig (Pierce) or antirabbit secondary Ig (Pierce) or appropriately. Bands were visualized using SuperSignal West Dura Extended Duration substrate (Pierce) followed by exposure to x-ray film. Densitometric analysis was performed using ImageQuant software (Molecular Dynamics) and expressed as arbitrary densitometric value normalized to ␤-actin.
Statistical Analyses
The distributions of the variables of interest were examined using quantile-qualtile plots and tests of normality were performed using Shapiro-Wilk tests. Where the data were found to be nonnormally distributed (S I , gene expressions), natural logarithm transformations were used to attain approximate normality before analysis. Pearson correlation coefficients were used to describe the linear association between pairs of variables, partial correlations coefficients were used to describe the association between variables after adjusting for important covariates. Student 2-sample t tests were used to compare the pioglitazone and metformin groups with respect to SRA, LOX-1, and CD36 expression, and paired t tests were used to compare baseline and posttreatment measurements within a group. All data from samples were expressed as meanϮSEM. A probability value Յ0.05 was taken to indicate statistical significance.
Results
SRA and LOX-1 mRNAs Are Expressed Predominantly in the Stromal Vascular Fraction of Adipose Tissue
Adipose tissue consists of both adipocytes and other cell types, including macrophages, preadipocytes, and other stromal cells. To investigate the source of scavenger receptors in adipose tissue, we separated the adipocytes from the stromal vascular fraction derived from 14 fat biopsy specimens and quantified the expression of SRA, LOX-1, and CD36 genes. SRA and LOX-1 mRNA levels were significantly higher in the stromal vascular fraction compared to the adipocyte fraction, whereas CD36 mRNA was more highly expressed in adipocytes ( Table 1) .
Expression of Scavenger Receptor Genes in Adipose Tissue Correlated Strongly With Obesity and Insulin Resistance
To explore the relationship between insulin resistance and the expression of scavenger receptor genes, we studied a group of nondiabetic subjects with a wide range of adiposity. The baseline characteristics of subjects are summarized in supplemental Table  I (available online at http://atvb.ahajournals.org).
As shown in Figure 1 , SRA, LOX-1, and CD36 gene expression in subcutaneous adipose tissue correlated with both BMI and S I (PՅ0.1). In addition, the scavenger receptor mRNAs all correlated strongly with each other, in a pairwise correlation analysis ( Table 2 , upper section). However, after adjusting for BMI and other SRs, only the gene expression of SRA was associated with insulin resistance (rϭϪ0.34, Pϭ0.003, Table 2 , upper section). S I demonstrated a stronger correlation with SRA mRNA levels than with BMI ( Table 2 , lower section). LOX-1 mRNA was weakly associated with S I (rϭϪ0.21, Pϭ0.077) while taking away the effects of other variables. We also reanalyze these data including only white subjects to eliminate the effect of ethnicity, and it did not change the results.
Effect of Insulin Sensitizers on Scavenger Receptors Genes Expression
Because scavenger receptor transcript levels (especially SRA and LOX-1) were associated with insulin sensitivity, we investigated the effect of insulin sensitizers on the expression of these receptor genes in subcutaneous adipose tissue. Pioglitazone but not metformin improved S I by 59% in subjects with IGT as reported previously. 13 Treatment of subjects with pioglitazone decreased the expression of SRA mRNA in adipose tissue by 40% (0.78Ϯ0.15 to 0.45Ϯ0.06, Pϭ0.04; Figure 2A ) whereas metformin had no effect (0.78Ϯ0.12 to 0.82Ϯ0.22, Pϭ0.84). Neither pioglitazone nor metformin had a significant effect on LOX-1 mRNA expression (1.28Ϯ0.29 to 0.89Ϯ0.25, Pϭ0.19 for pioglitazone, 1.35Ϯ0.25 to 1.74Ϯ0.48, Pϭ0.39 for metformin; Figure 2B ). However, to determine whether there was a pleomorphic response to pioglitazone, we divided subjects into tertiles based on their baseline levels of the expression of either SRA or LOX-1 mRNA. As described above, pioglitazone decreased SRA gene expression significantly in all subjects, and this effect was especially pronounced in subjects with higher baseline SRA mRNA ( Figure 2C ). The response of LOX-1 to pioglitazone was also pleomorphic. Pioglitazone significantly decreased LOX-1 mRNA in subjects with the highest baseline LOX-1 mRNA, despite the fact that it had no significant effect on overall LOX-1 mRNA expression when all subjects were included ( Figure 2D ). Neither pioglitazone nor metformin changed the expression of CD36 mRNA in subcutaneous adipose tissue (1.03Ϯ0.20 to 0.99Ϯ0.14, Pϭ0.87 for pioglitazone, 0.98Ϯ0.22 to 0.86Ϯ0.18, Pϭ0.57 for metformin).
Adipocyte-Macrophage Interactions in Coculture and the Effect of Pioglitazone
Because scavenger receptor genes are expressed at high levels in the adipose tissue stromal fraction, and are correlated with CD68 gene expression, we hypothesized that the adipose environment influences gene expression in macrophages. To test this hypothesis, we analyzed gene expression in THP-1-derived macrophages cocultured with ADHASC-derived adipocytes, with and without pioglitazone. Coculture of macrophages with adipocytes had no effect on mRNA levels of CD36 or SRA, nor did pioglitazone treatment ( Figure 3A) . In contrast, LOX-1 gene expression in THP-1 macrophages was significantly affected by both pioglitazone and coculturing with adipocytes. As shown in Figure 3A , the addition of pioglitazone to macrophages downregulated LOX-1 expression by 21% (Pϭ0.0003) and coculture with adipocytes decreased expression by 79% (Pϭ0.0003).
Interestingly, the addition of pioglitazone to THP-1 macrophages during the coculture with adipocytes decreased LOX-1 mRNA expression even further, by 91% (Pϭ1.1ϫ10 Ϫ5 ; Figure  3A ). The expression of scavenger receptors mRNA particularly SRA and LOX-1 were very low in adipocytes. Pioglitazone treatment or macrophage coculture did not affect CD36, SRA, or LOX-1 mRNA levels in adipocytes ( Figure 3B ). These data suggest that an adipocyte secretory protein modulates macrophage LOX-1 expression. To confirm this, either adipocyte or fibroblast CM was added to macrophages, and CD36, LOX-1, and SRA mRNA levels were quantified. Adipocyte CM downregulated the expression of the LOX-1 gene and protein in macrophages by 82% (PϽ0.01) and 34% (Pϭ0.02), respectively ( Figure 4A and 4B) compared to adding fibroblast CM to macrophages as a control. Fibroblast and adipocyte conditioned media had similar effect on CD36 and SRA mRNA and protein expression (data not shown). In addition to downregulation of LOX-1, adipocyte CM improved insulin signaling measured by phosphorylated Akt (pAkt) both in the absence or presence (10 nmol/L) of insulin by 87% (Pϭ0.03) and 37% (Pϭ0.01), respectively compared to fibroblast CM ( Figure 4B ). Similarly, IB␣ protein in macrophages was higher 60% (PϽ0.01) when treated with adipocyte compared to fibroblast CM suggesting decreased activity in the NFB pathway ( Figure 4B ).
Adiponectin Antibody Prevents Adipocyte-Mediated LOX-1 Regulation
As described above, adipocytes induced a downregulation of macrophage LOX-1, IB␣, and increased pAkt suggesting that a factor secreted or released by adipocytes regulates LOX-1 gene expression, insulin signaling, and NFB pathway. One possible candidate for such a product is adiponectin, which is an antiinflammatory adipokine, and it is stimulated by thiazolidinediones. 14 To determine whether adiponectin affects macrophage LOX-1 expression, IB␣ protein, and pAkt, we added adiponectin neutralizing antibody to adipocyte CM before treatment of macrophages. As shown in Figure 4 , as expected adipocyte CM decreased LOX-1 expression compared to fibroblast CM but adiponectin antibody resulted in upregulation of LOX-1 mRNA in macrophages by 2-fold ( Figure 4C) . Similarly, adiponectin antibody partially reversed upregulation of pAkt and IB␣ proteins caused by adipocyte CM (Figure 4C ). The protein expression of IB␣ and pAkt in THP-1 macrophages was increased by 72% and 38%, respectively when treated with adipocyte CM compared to fibroblast CM, but the change was only 36% and 20%, respectively for IB␣ and pAkt protein expression when adiponectin antibody was added to adipocyte CM ( Figure 4C ). These results suggests that the improved insulin signaling and decreased NFB activity observed in macrophages treated with adipocyte CM was associated with LOX-1 downregulation and were diminished by blocking adiponectin.
Discussion
Scavenger receptors, specifically SRA, CD36, and LOX-1 play crucial roles in the pathogenesis of atherosclerotic lesions by identifying and facilitating the uptake of oxidized LDL by macrophages, 3, 5 and the expression of scavenger receptors in human atherosclerotic lesions has been measured in a few studies. 15, 16 Despite the important role of adipose tissue resident macrophages in the pathogenesis of insulin resistance, to our knowledge this is the first study measuring expression of scavenger receptor genes in human adipose and their association with obesity and insulin resistance. SRA and LOX-1 mRNAs were predominantly expressed in the stromal vascular fraction of adipose tissue in contrast to CD36 mRNA, which was more abundant in adipocytes, reflecting its other function as a facilitator of long chain fatty acid uptake in adipocytes. 17, 18 The adipose tissue of obese, nondiabetic, insulin resistant subjects contains more CD68expressing macrophages, 4 and the correlation between scavenger receptors and CD68 gene expression and obesity/ insulin resistance may be a direct result of increased macrophage number. To determine whether these receptors were independently associated with insulin resistance, we examined the correlation between S I and each scavenger receptor after adjusting for obesity, CD68, and the other scavenger receptors. Of the 3 scavenger receptor genes studied, only SRA expression remained independently associated with S I suggesting an important role for adipose tissue SRA in the pathogenesis of insulin resistance. Other relationships that remained significant after adjustment for other factors included the relationships among the different scavenger receptors and the relationship between BMI and S I .
We did not notice any differences in the gene expression of scavenger receptors between ethnic group and reanalyzed data using only white, which did not change the result.
There are a number of possible mechanisms for the upregulation of SRA in the adipose macrophages of insulin resistant subjects. The induction of SRA could be in response to increased endoplasmic reticulum stress associated with insulin resistance, as suggested previously. 19 It has been proposed that macrophages are present in adipose tissue to scavenge debris from necrotic adipocytes 20 ; we suggest that SRA expression may be important in this process. It is also possible that the upregulation of SRA plays a key role in promoting insulin resistance by activating inflammatory pathways and recruiting additional macrophages into adipose tissue.
It is also interesting to identify whether upregulation of scavenger receptors with insulin resistance occurs in other tissues, and if so, could it explain the accelerated atherosclerosis related to enhanced oxLDL uptake in insulin resistance state? The effect of pioglitazone on scavenger receptor expression becomes more important in light of recent evidence of the inhibitory effect of pioglitazone in progression of atherosclerosis in coronary vascular bed. 21 Whether it is a direct effect of pioglitazone on the expression of scavenger receptors or involves other mediators such as adiponectin remains unclear.
Results from both our labs and others suggested that pioglitazone and other PPAR␥ activators downregulated LOX-1 mRNA in endothelial and aortic smooth muscle cells [22] [23] [24] ; however, the effect of pioglitazone on scavenger receptors gene expression in adipose tissue in human was not previously studied. In this study, treatment of IGT subjects with pioglitazone for 10 weeks downregulated the expression of SRA mRNA in subcutaneous adipose tissue and decreased LOX-1 mRNA expression in the subgroup of subjects with the highest baseline LOX-1 mRNA levels. There is a considerable literature on the antiinflammatory effects of thiazolidinediones, and our previous studies demonstrated a decrease in adipose macrophage number following pioglitazone treatment. 25 In addition to reducing macrophage number, our in vitro studies suggest that pioglitazone has additional effects on macrophage gene expression. Although pioglitazone in vitro did not decrease the expression of SRA mRNA in macrophages, LOX-1 gene expression in macrophages was reduced by 21% in response to pioglitazone. However, macrophage LOX-1 expression was decreased by 70% when macrophages were cocultured with adipocytes, or when exposed to adipocyte CM, and this effect was further augmented by the treatment of cells with pioglitazone. Thus, the tissue environment likely influences macrophage scavenger receptor gene expression and response to pioglitazone. We further investigated whether the modulation of LOX-1 expression by adipocyte CM would affect insulin signaling and inflammatory pathways in THP-1 macrophages. The downregulation of LOX-1 expression was associated with improved insulin signaling and decreased activity in NFB pathway.
Because adiponectin is secreted by adipocytes and increased in response to pioglitazone, adiponectin neutralizing antibody was added to adipocyte CM. This resulted in a 2-fold increase in LOX-1 gene expression, along with a 30% and 20% decrease in IB␣ and pAkt, respectively, suggesting that adiponectin secreted by adipocytes downregulates macrophage LOX-1 gene expression in the coculture system and consequently results in beneficial effects on insulin signaling and inflammatory pathways. By neutralizing adiponectin in the adipocyte CM, these changes in LOX-1, IB␣, and pAkt were reversed, although the reversal of LOX-1 expression was greater than that of IB␣ and pAkt, suggesting that other factors in adipocyte CM may be important besides adiponectin. Some human studies have shown a negative correlation between plasma adiponectin and cardiovascular disease. 26, 27 In addition, in vitro studies have suggested vasculoprotective effects of adiponectin mediated via an increase in endothelial nitric oxide production, or via modulation of expression of adhesion molecules. 28 The present study suggests that downregulation of LOX-1 in macrophages could be another potential mechanism for the vasculoprotective effect of adiponectin. LOX-1 is also expressed in endothelium, and an inhibitory effect of adiponectin on LOX-1 in endothelial cells could lead to a decrease in the endothelial dysfunction associated with metabolic syndrome. Pioglitazone had a small direct effect to decrease macrophage LOX-1 gene expression, which was additive with adipocyte coculture. From this we conclude that the regulation of LOX-1 by adiponectin and pioglitazone are through separate independent mechanisms. LOX-1 and SRA were expressed at much lower levels in adipocytes compared to macrophages, and we observed no significant change in adipocyte LOX-1 and SRA mRNA levels after pioglitazone treatment. A previous study reported an increase in LOX-1 mRNA in 3T3 L1 adipocytes after treatment by rosiglitazone. 29 This difference between our study and the previous study could be attributable to the different adipose cell lines or in the PPAR␥ ligand used or there may be other explanations.
One of the limitations of our study is the lack of information on the protein expression of scavenger receptors in human adipose tissue. As mentioned before, the expression of scavenger receptor was low in adipocytes, and they were predominantly present in stromal vascular fraction of adipose tissue. Hence, the significant correlation of scavenger receptors gene expression with insulin sensitivity is likely attributable to upregulation of SRA or LOX-1 in macrophages that infiltrate in adipose tissue of obese subjects.
Despite the abundant literature on the role of scavenger receptors in foam cell formation and atherosclerotic lesions, the association between scavenger receptors, especially SRA and LOX-1, with insulin resistance is novel. Downregulation of LOX-1 by adiponectin could be an important mechanism behind the inverse association between adiponectin and cardiovascular disease. Further studies are needed to investigate the molecular mechanisms that underlie the role of scavenger receptors in activating the adipose tissue innate immune system associated with insulin resistance. Targeting scavenger receptors such as SRA and LOX-1 may dissociate obesity from insulin resistance and may be a promising therapeutic strategy to reduce cardiovascular events.
